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INTRODUCTION
During glucose uptake, the glucose transporter 4 (GLUT4) forms an aqueous pore across the cell surface through which extracellular glucose can be transported to cytosol, a process that plays a crucial role in wholebody glucose homeostasis [1] . Accumulating evidence has suggested that irregularities in GLUT4 trafficking underlie type II diabetes [2] [3] [4] . GLUT4 is retained in GLUT4 storage vesicles (GSVs) that dynamically recycle among many intracellular organelles, including the plasma membrane, sorting endosomes, recycling endosomes and trans-Golgi network (TGN) [1, 5, 6] .
Most of the current knowledge about the GSV trafficking pathway is indirectly obtained by biochemical a p proaches and the measurement of steady-state information. By fluorescence quenching assay combined with chimeric reporters, it was indicated that GLUT4 recycles through the transferring-receptor-containing endosomal recycling compartment, whose reversible retention controls the levels of the proteins on cell surface [7] [8] [9] . Besides, a fraction of GLUT4 moves through endosomes into TGN and this pathway is mediated by an unique acidic amino acid in the carboxyl terminus of GLUT4 [10] [11] [12] [13] . GSVs contain the so-called v-SNARE (soluble Nethylmaleimide-sensitive factor attachment protein receptor), vesicle associated membrane protein (VAMP2), suggesting GLUT4 trafficking and fusion share similarities with other regulated membrane fusion processes [14] [15] [16] . It seems likely that various recycling loops must be coordinated in regulating the trafficking of intracellular GLUT4. Although different GLUT4 trafficking pathways have been proposed, it is still unclear whether GSVs are classified into distinct fractions according to their mobility.
It would clearly be helpful to investigate the mobility of a single GSV in live cells. Here we have labeled the GSVs by constructing a fusion protein that links EGFP to the Cterminus of mouse GLUT4. The chimeric GLUT4-EGFP fusion protein was expressed in 3T3-L1 cells by transient transfection. By total internal reflection fluorescence microscopy (TIRFM), a thin layer of cytosol immediately adjacent to the cytosol-coverslip interface was selectively illuminated and the corresponding fluorescence images were recorded with charge coupled device (CCD) at high time resolution. In order to obtain the sub-pixel displacement of GSVs, we employed a Gaussian-based single particle tracking (SPT) method to resolve the kinetics of vesicle motion. We found that GSVs move in a constrained fashion as if tethered by some intracellular structure. The distribution of the three-dimensional (3D) diffusion coefficients (D (3) ) was a smooth continuum. Our results demonstrate that despite the existence of different recycling loops for GSVs, they are organized in a continuous range of mobility rather than into separate classes.
MATERIALS AND METHODS

GLUT4-EGFP construction and cell culture
To construct EGFP-tagged GLUT4, the open reading frame (ORF) of GLUT4 was amplified by polymerase chain reaction (PCR) with pfu DNA polymerase (Stratagen, La Jolla, CA) from mice genomic DNA which was isolated from mice tail with DNeasy Tissue Kit (Qiagen, Hilden, Germany). The sequences of GLUT4 primers are: Forward 5'-TACCGCTCGAGACAAGATGCCGTCGGGTTTCCAGCAGATCG-3'. Reverse primer: 5'-GCTAGGATCCCCGTCATTCTCATCT-GGCCCTAAGTATTCAAG-3'. The amplified PCR products were cloned in frame into the EcoRI and BamHI sites of the mammalian expression vector pEGFP-N1 (Clontech Laboratories, Palo Alto, CA).
3T3-L1 cells were cultured in DMEM (Gibco Inc.) supplied with 10% new calf serum (Gibco Inc.). Then, cells were plated in chambers mounting ploy-l-lysine coated coverslips and were transfected when cells grew to 80% confluence by lipofectamine 2000 (Invitrogen, Inc.) according to the manufacturer's instruction. Ten hous after transfection, the cell culture medium was replaced with serum-free DMEM, and was viewed 2 h later under TIRFM.
Microscopy
To confirm the intracellular distribution of GLUT4 throughout the cell, transfected live 3T3-L1 cells were viewed with a confocal laser scanning biological microscope (FV500, Olympus Inc, Japan) with a-plan Fluar NA 1.45 objective (×100, Zeiss Inc., Germany). Images were acquired and analysed using Fluoview software that came along with the confocal microscope.
To selectively excite a thin layer of cytosol immediately adjacent to the coverslip, we used a TIRFM constructed with an inverted microscope (IX-70, Olympus) equipped with a NA 1.65 objective (Apo × 100, OHR, Olympus). Immersion oil (refractive index = 1.81, Cargille Laboratories Inc, USA) was used to bridge the optical contact between the objective and the coverslip. Light from an argon ion laser (Melles Griot Inc, USA) was passed through a shutter which is controlled by image acquisition software (TILL vision 4.0; Till Photonics GmBH, Germany). The shutter was opened only during camera exposure. The light was guided to a KineFLEX singlemode fiber (Point Source Co, UK). The angle of the incident laser was adjusted to give an evanescent field with a penetration depth of 136 nm.
Emission fluorescence was selected with a GFP filter set (Chroma, USA) prior to being recorded by a cooled CCD (PCO SensiCam; Germany), which has a pixel size of 67 nm × 67 nm at the specimen plane. The focal plane was precisely adjusted via moving the objective with a piezoelectric z-axis controller (E-662. LR; Physik Instruments, Germany). During imaging period, the extracellular medium was superfused with the buffer containing (in mM) 125 NaCl, 5 KCl, 1.3 CaCl 2 , 1.2 MgSO 4 , 20 D-Glucose, 25 Hepes (pH 7.4). We collected the images of 3T3-L1 cells at 5 Hz with the exposure time of 50 ms. All experiments were performed at room temperature.
Tracking single GSV
We have employed a Gaussian-based SPT method, which has been proved as the most effective approach in tracking single particles [17] . Briefly, averaged extracellular background was subtracted from the images prior to tracking. By fitting Gaussian equation to the fluorescence intensity distribution of single vesicles, we could obtain the peak position that correspond the lateral position coordinates (x, y), peak intensity (F), full width at half-maximal (FWHM) intensity, and the local background (b). The lateral displacement of single vesicles could thus be obtained by estimating the change in position among consecutive images. This way we have successfully resolved the sub-pixel displacement of fluorescence labeled particles from consecutive images [18] [19] [20] .
According to the exponential relationship between the fluorescence intensity of a particle and its vertical position as this particle moves within evanescent field, the vertical position of the particle can be obtained from the changes in vesicle's fluorescence intensity [21] [22] [23] . Here we calculated vertical displacement as
(1) where d is the penetration depth, Fn and Bn are the peak intensity and local background in frame n, respectively.
The mean square displacement (MSD) for each vesicle was calculated as follows (2) where n = t/∆t, ∆t is the time interval between two successive TIRFM-recorded images, L is the total number of images in a recorded sequence, and r(s) is the 3D position of vesicle in frame s.
Statistics
Population averages were expressed as mean ± SEM. The median and median standard error (MSE) were used to describe skewed distributed data.
RESULTS
Imaging single GSVs
It has been previously reported that most of the GLUT4 are localized in the cytosol in resting 3T3-L1 cells using immunofluorescence imaging [1, 6] . In order to gain insight into the spatial distribution and dynamics of GLUT4
in live cells, we tagged the GLUT4 protein with a green fluorescence protein (GFP). By transfecting with the fusion protein, we would be able to determine the intracellular localization and track the motion of GLUT4 in live cells using either the confocal microscopy or TIRFM. Confocal microscopy offers the advantage of improved spatial resolution due to its ability to reduce most of the out-of-focus fluorescence. When the chimeric GLUT4-EGFP was expressed in 3T3-L1 cells, we observed a punctate distribution of the fluorescence under confocal laser scanning microscope (Fig. 1A) . The result is consistent with the sequestration of GLUT4 to GSVs and most of the GLUT4 is retained inside unstimulated cells. However, due to the rapid photobleaching and phototoxicity, confocal microscopy is not suitable for long-term imaging of live cells [24] . The rather slow imaging rate of confocal microscopy further limits its application in dynamic tracking which requires high time resolution. So we turned to TIRFM for real-time tracking of GLUT4. As shown in Fig. 1B , GLUT4 also appeared as distinct fluorescence spots under TIRFM. These fluorescence spots were not static but rather in rapid movement.
Next we tested whether the EGFP-labeled organelles were functional competent for insulin-dependent insertion into the plasma membrane. The evanescent field, generated by the total reflection, declines exponentially with the distance from the glass-water interface. Thus, if a fluorescent particle approaches the basal plasma membrane adhere to the coverglass, as if happens during fusion, one could observe a brightening of the fluorescence followed by lateral diffusion of the fluorescence in the membrane. We challenged the cells with 200 nM insulin and looked for insulin-dependent fusion of fluorescent organelles. To judge for fusion events, we placed two concentric circles around the vesicle center, with the small circle just large enough to accommodate the image of the vesicle (Fig.  2B) . The difference in fluorescence intensities between the inner circle and the surrounding annulus serves as the resulted fluorescence intensity and is plotted against time. The resulted fluorescence from one spot is shown in Fig.  2C where it increases at first, declines after a peak and finally fluctuates near the zero level. This pattern is consistent with the full fusion of secretory granules. The sequential images also display the diffusion and disappearance of fluorescence ( Fig. 2A) . Thus, the fluorescence spots are likely representing the GSVs, where EGFPlabeled GLUT4 is stored and able to undergo insulinstimulated insertion into the plasma membrane.
Fluctuation in fluorescence spots reflects the vertical movement of GSVs
Due to the exponential decay of the evanescent field, the fluorescence intensity of GSVs is proportional to their axial position to the cell surface [22, 25, 26] . In Fig. 3A , we showed the fluctuation of the fluorescence of a single GSV. As you can see, this GSV repetitively brightened and dimmed within a period of 10 s. We calculated the mean intensity of a 0.871 µm × 0.871 µm square that was centered on the vesicle and displayed the time course of the fluorescence intensity in Fig. 3B . Since the fluorescence A B Upon the appearance of GSV in the evanescent field, its fluorescence will abruptly become brighter. When the GSV is retreated away from the plasma membrane, its fluorescence will also decline. Most of the GSVs displayed multiple up and down of their fluorescence intensity as shown in Fig.  2B , reflecting the repetitive approaching and departure of GSVs in relative to the plasma membrane. The rapid transition of GSVs relating to the plasma membrane also suggests that most of the GSVs are not docked to the plasma membrane. Occasionally, we observed an abrupt increase of fluorescence in a single GSV and then the fluorescence remained constant for a fairly long time (Fig. 3C) , indicating the jump of vesicle from one axial position to another. According to the fluorescence change and the measured penetration depth, the distance between the two plateaus residence by this vesicle is about 30.2 nm. The jump suggests that some kinds of structures may help the vesicle to move along axial direction.
3D sub-pixel displacement of single GSVs revealed by SPT
The rationale of sub-pixel displacement detection is that the fluorescence of single particle spreads over more than one pixel in recorded images, so the sub-pixel displacement can be tracked by weighting the fluorescence distribution from multiple pixels between successive time-lapse images (Fig. 4A) . Gaussian-based tracking method is the superior algorithm in terms of both accuracy and precision, and is most robust to imaging noise [17] . So, we directly fitted Gaussian equation to the intensity distribution of the single vesicle, thereby yielding the lateral position and peak intensity (Fig. 4B) . The lateral displacement of individual GSV was obtained by comparing the vesicle position among successive images, and the axial distance moved by a vesicle could be calculated from the fluctuation in peak intensity. Because the Gaussian-based SPT method become less reliable when the signal-to-noise ratio (SNR) is less than 4 [17] , we chose those vesicles with SNR more than 6 to ensure the precision of tracking. Next, we estimated the size of the single GSV by measuring the full width at half maximum (FWHM) fluorescence. The FWHM was estimated to be around 0.36 ± 0.02 µm (Fig. 4C , n = 90), very similar to the size of 0.38 µm measured for large dense core vesicles in PC12 cells [25, 27] .
Restriction of the motion of GSVs
The 3D trajectory of one GSV tracked by our SPT method was constructed in Fig. 5A . Our tracking result shows that all the 3D displacements traveled by this vesicle are less than 100 nm, indicating the wandering of this vesicle around its initial site. From the calculation of MSD, one can tell the different motion types of GSVs [23, 28] . The averaged MSD was plotted against time in Fig. 5B . The negative curvature observed in the MSD plot manifests a caged diffusion for GSVs, which means that the vesicle motion is confined in some cage-like tether constructed by neighboring obstruction. This feature can be described with the following approximate equation [29] :
where R is the radius of the spherical cage in which particle is free to diffuse. Indeed, the averaged MSD plot was well fitted with this equation (grey continuous line in Fig. 5B ). The mean radius of cage tethering GSVs was estimated to be 0.16 ± 0.01 µm (n = 129). The wondering of GSV inside the cage was not due to the drift of our recording system, because the immobilized beads (0.175 µm in diameter, Molecular Probes) displayed little movement (Fig. 5B) . The D (3) of immobilized beads was estimated to be 0.04 × 10 -4 µm 2 /s, which reflects the lower limit of our detection with a spatial precision of 22 nm for SPT.
Smooth continuum of D (3) among GSVs
In muscle and fat cells, GLUT4 is sorted, retained and recycled by different trafficking pathways with special molecular mechanism [1] . However, whether and how GSVs are coordinated according to their mobility is still unclear. Measuring the D (3) of individual GSV by combining TIRFM and SPT technology, we answer this question via constructing the histogram of D (3) to reflect the distribution of GSVs based on their mobility. Our result shows that the D (3) of GSVs is distributed within a smooth and skewed continuum rather than distinct classes (Fig. 6A) . The median of D (3) was calculated to be (18.6 ± 7.6) × 10 Because of the limited time points measured in SPT performance, multiple pools of vesicles differing in their mobility may be hided in a broad and smooth distribution of diffusion coefficient [30] . However, when the abscissa of the distribution is displayed in a logrithmic scale, i.e., the whole distribution is shown in a semilogrithmic plot, separated classes could be clearly discernible [31] . So, as a further check, we displayed the histogram of D (3) in semilogarithmic presentation. The result is still a smooth continuum and is not evident with the existence of separated states of mobility (Fig. 6B ).
DISCUSSION
In this study, we have labeled the GSVs with EGFPfused GLUT4 in pre-adipocytes 3T3-L1. Combining livecell confocal microscopy, TIRF microscopy and single particle tracking method, we have explored the spatial distribution and 3D mobility of GSVs in intact 3T3-L1 cells. Our results help to understand the dynamics of the movement of GSVs inside the cell and to clarify how GSVs are arranged based on their mobility.
Under confocal microscopy, we observed that the GLUT4-EGFP fluorescence exhibited punctuate spots throughout the cytosol, which is consistent with the vesicular localization of GLUT4 and that most of the GLUT4 is localized in the cytosolic compartments in unstimulated cells. This distribution agrees with previous reports using steady-state immunofluorescence method on fixed cells [1, 6, 32] . In addition, we found that the fluorescence spots are mobile rather than fixed under TIRFM, further confirming the labeling of GSVs.
The advantages of low background, high temporal resolution, minimal photobleaching and phototoxicity have made TIRFM very popular in long-term tracking of single vesicles in live cells [23, 25, 26] . SPT can be applied to [18] [19] [20] . In this study, sub-pixel 3D tracking of the single GSV shows a clearly constrained motion. This kind of constrained (or caged) diffusion has been also suggested for secretory granules in the vicinity of the plasma membrane [23, 25, 33] , which is seen as the entrapment of granules inside the cortical actin cytoskeleton meshwork. In fact, granule trafficking is likely to be mediated by different cytoskeleton systems along with a number of motor proteins [34, 35] . So, we interpret the restricted motion of GSVs as being constrained by nearmembrane actin cortex or other heterogeneous organelleconstructed matrices. The similarity of the size of GSVs with that obtained for secretory granules and a larger cage size estimated by our experiment than that of 70 nm observed for secretory granules [25] suggest GSVs are associated to a looser matrix in 3T3-L1 cells.
The diffusion coefficient calculated for GSVs is 18.6 × 10 [25] . It has been proposed that GSV contains SNARE-associated proteins that were initially found in secretory granules [15, 16] . Indeed, the intracellular transport of secretory granules is selectively modulated by these proteins [14] . Thus, our finding of the similarity of diffusion coefficient between secretory granules and GSVs suggests that their motion might be regulated by a similar mechanism in the vicinity of the plasma membrane.
The spatial distribution and distinct trafficking pathways of GLUT4 among many organelles have been identified by the steady-state study [5, [7] [8] [9] . But it is not demonstrated whether GSVs are distributed into distinct pools based on their mobility. By examining the 3D mobility of individual GSV in live cells, our study reports a smooth continuum of diffusion coefficient rather than distinct groups of mobility. This finding demonstrates that there are no separate states of mobility for GSVs, instead GSVs are organized into a wide range of mobility. The smooth histogram of D (3) of GSVs differs significantly from a Gaussian distribution. It has long been presumed that vesicular exocytosis is limited because of the existence of distinct pools of releasable and refractory vesicles [36] . It was proposed that the refractory pool is a distinct immobile fraction of cytoplasmic vesicles [37] . Yet, we found the distribution of GSVs diffusion coefficients is broad and asymmetric rather than the presence of distinct pools or fractions. Recently, it has been suggested that the broad distribution of vesicles would affect the time course of vesicular release [31] . Thus, the delivery of GLUT4 to the plasma membrane is likely regulated by the unusual variation of the diffusion constants of GSVs, rather than the existence of separated fractions of vesicles with distinct mobility.
Employing advanced time-lapse fluorescence microscopy and fluorescent protein-tagged chimaeras has facilitated our study of the intracellular movement of GSVs. Further work will be needed to elucidate how GLUT4 is transported from one organelle to another, what regulatory mechanisms control the process, and which molecules are required.
